Background: Cognitive deficits associated with postnatal iron deficiency (ID) suggest abnormal brain development, but
Introduction
Iron deficiency (ID) 7 is the most common micronutrient deficiency in the world, affecting ;2 billion people in both developing and industrialized nations (1) . ID affects all age groups, but children aged 0-5 y are most vulnerable because of the rapid brain growth and development that occurs during the first year of life (2) . During this early sensitive period, iron is needed for neurodevelopmental processes, including energy metabolism, neurotransmission, and myelination (2) (3) (4) (5) . Disrupting neurodevelopment in the neonate can result in cognitive impairment and behavioral problems that endure for many years, if not a lifetime (6) . Young adults that experienced ID as infants had poorer executive function, pattern recognition, and spatial memory (7) . Furthermore, children at 10 y of age had slower reaction times and impaired inhibitory control if they experienced ID anemia during infancy (8) . Early-life ID has been linked to poorer math and writing abilities, increased hesitancy and anxiety, reduced attention and planning ability, increased visual and auditory latencies, reduced language skills, and reduced motor skills (3, 5) . Many outcomes related to ID suggest white matter development is vulnerable.
Oligodendrocytes synthesize and maintain myelin in the central nervous system (1) and are the principle cells in the brain that stain for iron under normal conditions (9) . Myelination is a metabolically intensive process, and synthesis and maintenance of myelin requires substantial energy turnover by the oligodendrocytes (10) . Iron is a key cofactor for production of energy and substrates such as FAs needed for myelination (9) . Most research in this area has used rodent models. Myelination in the lissencephalic rat and mouse brain occurs postnatally. However, myelination in the gyrencephalic human brain initiates before birth and continues into the postnatal period (11) . As such, the effects of postnatal ID on the development of the human brain are not fully understood.
The present study investigated the effects of postnatal ID on brain development in a neonatal piglet model. The piglet has a gyrencephalic brain with similar growth and myelination patterns to humans (12, 13) . One study reported poor performance in a hippocampal-dependent spatial T-maze task and lower iron concentration in the hippocampus when piglets were fed an ID diet from postnatal days (PD) 2 to 28 (14) . No effects of ID on whole brain and hippocampal volume in piglets were found by MRI (14) , but sophisticated tools for assessing brain macrostructure, microstructure, and metabolites in piglets by MRI were not available at the time. Therefore, in the present study we used a newly developed MRI toolset for piglets (15) to assess the impact of ID on gray and white matter volume in discrete brain areas, white matter integrity, and several metabolites indicative of neural and glial health. We report substantial developmental alterations caused by ID.
Methods
Animals, housing, and feeding. A total of 20 naturally farrowed domestic Yorkshire piglets (12 males and 8 females) from 3 litters were obtained from the University of Illinois swine herd and assigned to either the control (CON) diet or the ID diet, controlling for litter of origin, body weight, and sex. Piglets assigned to the CON diet received an intramuscular iron dextran injection (200 mg, Uniferon), shortly after birth (standard swine industry practice to ward off ID). Piglets remained with the sow and littermates for 24-48 h to receive colostrum and then were delivered to the biomedical animal facility. Because sowÕs milk has a low iron concentration (;1.79 mmol/mL), it was reasoned that intake of colostrum would have minimal effects on piglet iron status (16) . Piglets were individually housed in cages as previously described and were provided a toy (plastic jingle ball; Bio-Serv) and towel for environmental enrichment (17) . A 12-h light/12-h dark cycle was maintained with light from 0700 to 1900. The piglets were weighed each morning. All animal care and experimental procedures were performed in accordance with the National Research Council Guide for the Care and Use of Laboratory Animals and approved by the University of Illinois at UrbanaChampaign Institutional Animal Care and Use Committee.
Diets. Powdered sow milk replacer diets were formulated at Test Diet to the same specifications used previously (14) . Piglets were assigned to either the CON diet (100 mg Fe/kg solids) or ID diet (10 mg Fe/kg solids) controlling for body weight, sex, and litter of origin; besides iron, all diets met the NRC recommended requirements (18) . Piglets were fed 4 times/d for a total of 300 mL/kg body weight each day as described previously (14) . Piglets consumed their entire meal, although by the end of the study several ID piglets took longer to finish their meals. No extra water was provided.
Iron status assessment. Blood samples were taken from the jugular vein weekly starting at PD 7 and used to assess hematocrit and hemoglobin as described previously (14) . The criterion for anemia in swine is hemoglobin <8 g/dL (18) . To assess iron reserves at the end of the study (PD 29 or 30), piglets were intracardially perfused with PBS to flush blood from vasculature, 1 g liver tissue was taken, and iron concentration was analyzed in wet tissue via inductively coupled plasma mass spectrometry as previously described (14) .
Magnetic resonance imaging. On PD 29 or 30, piglets were anesthetized by use of a telazol:ketamine:xylazine solution [50 mg tiletamine plus 50 mg zolazepam reconstituted with 2.5 mL ketamine (100 g/L) and 2.5 mL xylazine (100 g/L); Fort Dodge Animal Health], and anesthesia was maintained via inhalation of isoflurane (98% oxygen and 2% isoflurane). After the piglet was fully anesthetized, it was restrained to prevent movement and placed in the MRI scanner. An MRIcompatible pulse oximeter was used to monitor piglet vital signs during the MRI procedure.
A Siemens MAGNETOM Trio 3T imager with a 32-channel head coil was used to conduct all MRI. For macrostructural analysis, anatomical data were acquired via a T1-weighted, magnetizationprepared, rapid gradient-echo (T1 MPRAGE) sequence by use of the following parameters: repetition time, T R = 1900 ms; echo time, T E = 2.49 ms; inversion time, T I = 900 ms; flip angle = 9°, and slice thickness = 0.7 mm. A final voxel size of 0.7 mm 3 isotropic was used across the entire head from the snout to the cervical/thoracic spinal cord joint as described previously (12) . All methods utilized for brain region volume estimation and voxel-based morphometry (VBM) analysis were performed as FIGURE 1 Hematocrit (A), hemoglobin concentration (B), and liver iron concentration (C) of piglets fed ID or CON diet from postnatal day 2 through postnatal day 29 or 30. Values are means 6 SEMs (n = 3-10 because of missing samples). ** , ***Different from CON at that time: **P , 0.01, ***P , 0.001. CON, control; ID, iron-deficient.
previously described by Radlowski et al. (19) and Conrad et al. (15, 20) . Clusters consisting of <20 edge-connected clusters were not considered for analysis. Corresponding anatomical regions were assigned to voxel clusters of statistically significant difference by use of a digital piglet brain atlas (15) . Cortical regions of significant voxel clusters were estimated by use of a brain atlas for adult pigs (21) .
Microstructural data were acquired by use of diffusion tensor imaging (DTI) as previously described (22) . Briefly, the following parameters were used: repetition time, T R = 5000 ms; echo time, T E = 91 ms; averages = 3; diffusion weightings = 2; b value of 1000 s/mm 2 . Forty slices 2.00 mm thick were collected utilizing a matrix size of 100 3 100 and a final voxel size of 2.0 mm isotropic throughout the brain. Analysis was performed by use of the diffusion toolbox in the FSL software package as described previously (19) .
Brain metabolites were measured via magnetic resonance spectroscopy (MRS) as previously described (19) . A single 12 3 25 3 12-mm voxel was placed across the left and right dorsal horns of the hippocampi, including the intervening space consisting of nonhippocampal tissue. A spin echo chemical shift sequence was performed by use of the following parameters: echo time, T E = 30 ms; repetition time, T R = 3000; 128 averages; field of view = 200 mm. Water-suppressed and nonwater-suppressed data were collected. All MRS data were analyzed by use of the LC Model 6.3 fitting program (19) .
Tissue preparation. After MRI, anesthesia was maintained, and piglets were euthanized by intracardial perfusion with PBS (phosphate-buffered saline) followed by perfusion with 4% paraformaldehyde/PBS solution. Brains were removed, weighed, and stored in 4% paraformaldehyde for 2 mo. Following analysis of MRI data, the corpus callosum was selected for further evaluation, and a tissue block containing the posterior half of the corpus callosum and surrounding tissue was dissected from the right hemisphere of each brain. Tissue was sunk in 30% sucrose/PBS solution for cryoprotection. Tissue was then placed in a plastic ''boat,'' coated with optimal cutting temperature medium, and frozen in an acetone bath FIGURE 2 Heat map showing brain areas with less white matter in piglets fed iron-deficient diet compared with control diet from postnatal day 2 through postnatal day 29 or 30. The heat map is overlaid on axial piglet brain atlas sections of 1-mm-thick slices. Increasing slice numbers (from 2 to +) indicate inferior to superior directionality. The color corresponds to the level of significance (pseudo-t statistic).
cooled with dry ice. The resulting block was sectioned at 30 mm and stored in cryoprotectant at 220°C until staining.
Immunohistochemical staining. Sections were stained while freefloating. After being initially washed in Tris-buffered saline (TBS), sections were placed in 23 SSC at 70°C for 2 h, rinsed in 23 SSC for 15 min, and then rinsed in TBS. Sections were blocked in 4% normal goat serum (NGS), 0.3% Triton X-100 TBS solution for 1 h at room temperature before being placed in antibody solution [TBS, 3% NGS, 0.3% Triton X-100, 1:1000 rat anti-myelin basic protein (MBP); catalog no. ab7349; Abcam], incubated at 4°C overnight, and rinsed in TBS before incubation in secondary antibody solution [3% NGS, 0.3% Triton X-100, 1:1000 goat anti-rat IgG (Jackson Immunoresearch Laboratories), and 3% NGS] for 1 h. With 10 min remaining in secondary antibody staining period, NucBlue Fixed Cell Stain ReadyProbe reagent (4#,6#-diamino-2-phenylindole stain) was added according to the manufacturerÕs instructions. Tissue was then washed 3 times in TBS and mounted with ProLong Gold Antifade medium. Tissues were imaged by use of a Zeiss LSM 700 confocal microscope with Imaris imaging software. Per pig, 9 tissue slices were imaged, and 3 z stacks were taken in the corpus callosum of each slice, providing 27 z stacks/pig for analysis. The z stacks were taken beginning when the first slice signal was visible to where the last slice signal was visible. The z stacks were then cut in half, and the ''top'' half (closer to the microscope aperture) was collapsed into a maximum intensity projection. Axiovision software was used to semiautomatically quantify fluorescing area and intensity in 1 Data from nonparametric permutation tests presented as n voxels, FDR-corrected P value, and pseudo-t value with a threshold at P , 0.05 FDR corrected and a minimum cluster size of 20 voxels are shown. The analysis is based on 10 piglets for each treatment (n = 10). The comparison column lists the directionality of comparison, i.e., the first set of comparisons describes areas in which ID piglet brains had less white matter than CON brains. Cluster size denotes the number of voxels composing an area of significant difference. Effects of ID were widespread, often resulting in multiple overlapping clusters of voxels that read as a single combined cluster volume. In such instances the volume of the cluster is displayed once with other significant centers in the cluster listed with a minus sign. Local maxima coordinates correspond to a digital piglet brain atlas used for analysis (15) . CON, control; FDR, false discovery rate; ID, iron-deficient.
each VBM statistical analysis was performed by use of a t test comparing ID and CON groups with no covariates and a false discovery rate (FDR)-corrected a of 0.05 instead of an uncorrected a of 0.01 in order to provide more rigorous statistical validation. The statistical nonparametric methods toolbox was used for VBM analysis (23) . Global normalization was performed with an ANCOVA. Pseudo-t statistic maps were generated to visualize regional differences in gray or white matter volume between ID and CON groups. To consider a cluster significant, a threshold of $20 contiguous voxels was set.
Ten piglets per treatment group were studied. For some measurements, n was <10 because of missing blood samples or motion artifacts during MRI. For histology, a subgroup from each treatment was selected for analysis (n = 6-7).
Results
Body weight and iron status. Piglet body weight was affected by time (P < 0.001) and a diet 3 time interaction (P < 0.001) with ID piglets weighing 0.68 and 1.02 kg less than CON piglets on PDs 27 (P < 0.05) and 28 (P < 0.001), respectively (Supplemental Figure 2) . Piglet hematocrit was affected by diet (P < 0.001), time (P < 0.001), and a diet 3 time interaction (P < 0.001). Hematocrit in ID piglets decreased during the study and was lower than CON on PD 7 (P = 0.002), 14, 21, and at the end of study (PD29 or 30; P < 0.001; Figure 1A ). Piglet blood hemoglobin was affected by diet (P < 0.001), time (P = 0.003), and a diet 3 time interaction (P < 0.001). Blood hemoglobin in ID piglets was lower than CON on PDs 14 and 21 and the end of the study (P < 0.001); Figure 1B) . At the end of the study, liver iron concentration was markedly lower in piglets provided the ID diet (P < 0.001; Figure 1C) . Collectively, these data show that iron status was significantly and progressively reduced by the ID diet. Table 1 ), nor did brain weights taken immediately after death (data not shown). VBM, however, revealed widespread changes in brain composition. Figure 2 uses a color scale on piglet brain atlas images to highlight all brain areas in which ID piglets had significantly less white matter than did CON piglets (P < 0.05 FDR). Areas of greatest difference are shown in red, and lesser but still significant areas are shown in blue. Areas with less white matter in ID piglets map to 6 distinct centers ( Table 1) . A large cluster of 78,024 voxels representing reduced white matter extended through much of the central portion of the brain, with centers of high significance in the left cortex, right cortex, and left hippocampus. Additionally, clusters of voxels with less white matter volume were found in the cerebellum and left insular cortex of ID piglets. There were no brain areas with more white matter in ID piglets than in CON.
Magnetic resonance imaging. Brain region volumes did not differ between ID and CON piglets as measured by MRI (Supplemental
Iron deficiency also resulted in alterations in gray matter volume compared with CON piglets, with 14 distinct centers with less gray matter as determined by VBM (Table 1) . Gray matter volume was less primarily in the occipital lobe, with smaller clusters of voxels with less gray matter volume in the prefrontal cortex, thalamus, and areas of the cortex (Table 1 , Supplemental Figure 3 ). There were 16 centers with more gray matter ( Table 1 , Supplemental Figure 4) , with the primary areas of difference located in the olfactory bulbs and hippocampus ( Figure 3) . Of the total voxels affected by ID, 65% represented less white matter, 12% represented less gray matter, and 23% signified more gray matter. Collectively, these data indicate ID preferentially reduced white matter.
White matter tract development was evaluated by DTI. Globally, fractional anisotropy, a marker of white matter microstructural integrity and health, was lower in the white matter of ID piglets than in that of CON piglets (P = 0.002; Figure 4 ). Corpus callosum fractional anisotropy was lower in ID piglets than in CON piglets (P = 0.006; Figure 4 ). Consistent with reduced fractional anisotropy values, radial diffusivity, the sum of the 2 minor eigenvectors of diffusion, was higher in the left hippocampus (P < 0.001), right hippocampus (P = 0.01), and thalamus of ID piglets (P = 0.003; Figure 5A) ; no other brain regions differed significantly in radial diffusivity. Mean diffusivity values were greater in the left hippocampus (P < 0.001), right hippocampus (P = 0.009), and thalamus (P = 0.002; Figure 5B ) in ID piglets than in CON piglets; no other brain regions differed significantly in mean diffusivity. Axial diffusivity, the major eigenvector of water diffusion, was higher in left hippocampus (P < 0.001), right hippocampus (P = 0.011), and thalamus (P = 0.004; Figure 5C ) of ID piglets; no other brain regions differed significantly in axial diffusivity. These data further highlight the detrimental effects of ID on white matter development and integrity.
Absolute metabolite concentrations in the dorsal horns of the hippocampi and intervening space were analyzed via MRS ( Table 2) . Phosphocholine was significantly higher in ID piglets than in CON piglets (P = 0.035). Inositol, an osmolyte and astrocyte marker, was significantly lower in ID piglets than in CON piglets (P = 0.01). Glutamate, N-acetylaspartate, creatine, and phosphocreatine did not differ significantly between the 2 groups.
Histology. Immunohistochemistry was used to evaluate MBP content in the corpus callosum. Mean intensity, total intensity, and total area were evaluated; no significant differences were found between the 2 groups (data not shown). Based on findings from the MRI data, the corpus callosum was selected for further histological analysis. To assess the thickness of the corpus callosum, sections were stained with Black-Gold II ( Figure 6A) . Consistent with less white matter, the thickness of the corpus callosum was lower in ID piglets than in CON piglets (P = 0.043; Figure 6B ). No differences were found in mean intensity between the 2 groups (data not shown).
Discussion
The present study evaluated the effects of ID on neurodevelopment by use of MRI and histology. Clinical criteria for anemia in swine including hematocrit and hemoglobin were reached by the end of the study (18) and were consistent with previous studies (14) . VBM demonstrated that ID caused widespread reduction in white matter volume. ID also altered gray matter development, resulting in areas with both more and less gray matter volume compared with CON, a logical outcome because no significant difference in overall brain volume was observed. Thus, similar to what was reported previously by use of MRI with piglets (14), brain development in terms of overall volume or weight is at least partially protected during ID. However, the more detailed data provided by the VBM toolset found brain composition to be profoundly altered. Additionally, DTI revealed lower fractional anisotropy, the gold standard for assessing myelin integrity and health, in both the corpus callosum and globally across white matter in ID piglets. Together, these findings show ID alters brain composition and white matter development.
Notably, hippocampal white matter volume was less in ID piglets, which may play a role in the impaired learning and memory observed with this model (14) . In the study by Rytych et al. (14) , no difference was found in hippocampal volume between ID piglets and CON. However, VBM for piglets was not available at that time. Using the VBM tool newly adapted to the piglet (15), we were able to detect large changes in white matter and gray matter across several brain regions including the hippocampus. One limitation of this study was the reporting ability of the Statistical nonParametric Mapping toolbox (http:// warwick.ac.uk/snpm). Because areas with less white matter were widespread and overlapping, the ability to resolve specific brain areas within a cluster with the Statistical nonParametric Mapping toolbox was limited. For example, a large single cluster of 78,024 voxels with less white matter volume encompassed several brain areas (Table 1 ). Manual inspection shows that the cluster encompasses portions of the internal capsule, hippocampus, fornix, thalamus, and midbrain. Early-life ID is associated with reduced display of emotions and increased anxiety, which may be affected by alterations in white matter development in these areas (24) . Gray matter was lower primarily in the occipital lobe, indicating that visual cortex development may be affected by ID.
One of the primary functions of the thalamus is to act as a ''switchboard'' for incoming sensory information and the appropriate cortices. The lower thalamic white matter ( Figure  2 ), in context with the aforementioned lower white matter fractional anisotropy, may play a role in the increased visual and auditory latencies seen in children that have experienced earlylife ID (25) . ID reduced fractional anisotropy in the corpus callosum, the largest white matter structure in the brain, which may contribute to impaired interhemispheric communication. Importantly, impairment of the corpus callosum microstructure correlates with decreased cognitive function (26) . Although the thalamus and hippocampi of ID piglets did not significantly differ from CON piglets in terms of fractional anisotropy, radial diffusivity, a measure of the minor diffusion eigenvectors, was greater in ID piglet hippocampi. Greater radial diffusivity is associated with reduced myelination, which allows increased diffusion perpendicular to the primary direction of flow-in this case, the axon. Mean diffusivity, a measure of total diffusivity, was also greater, suggesting less structural organization or cellularity in the ID hippocampus and thalamus. Alternatively, early ID in the piglet may result in greater diffusivity because of 1 Data are presented in absolute units as means 6 SEMs, n = 9-10. Phosphocholine was increased in ID hippocampi compared with controls, whereas inositol was reduced. CON, control; Cr, creatine; Glu, glutamate; ID, iron-deficient; NAA, N-acetylaspartic acid; PCh, phosphocholine; PCr, phosphocreatine.
FIGURE 4
Fractional anisotropy of corpus callosum and global white matter in piglets fed the ID or CON diet from postnatal day 2 through postnatal day 29 or 30. Values are means 6 SEMs, n = 9-10. **Different from CON for that brain region, P , 0.01. CON, control; ID, iron-deficient.
reduced dendritic arborization in the hippocampus similar to findings by Jorgenson et al. using the rat model (27) . Inositol and phosphocholine were significantly altered by ID. Inositol is an osmolyte and is also used as an astrocyte marker. That it was lower may indicate decreased astrocyte activity in the hippocampus because of ID. Higher phosphocholine in ID piglets may indicate altered myelination patterns, because phosphocholine readings are increased in cases of myelin damage (28) .
After MRI, brain tissue was collected and preserved, allowing MRI data to be compared with histology. This approach is potentially important for interpreting MRI data from human infants that experience ID. After analysis, no differences were found by immunohistochemistry evaluation of corpus callosum MBP. Based on the MRI data, we expected to find reduced MBP staining in the corpus callosum. It is possible that reduced myelination resulted in increased exposure of the MBP epitope and thus confounded the results. Following this observation, the histological myelin stain Black-Gold II was utilized for a largerscale examination of myelination in the brain. The width of the corpus callosum was found to be lower in ID piglets, further supporting DTI findings that corpus callosum development is altered by postnatal ID. It must be considered that the gross volume of the corpus callosum was not found to differ between the 2 treatments via MRI. However, these measurements were taken under 2 different conditions: one in vivo and one ex vivo, following fixation, freezing, adherence to a slide, and dehydration. This emphasizes the importance of using multiple approaches for quantification when possible.
Although the present study did not go beyond PD 30 or involve an iron repletion phase, a recent study using a similar piglet model reported long-lasting cognitive deficits caused by early postnatal ID (29) . Several studies in rodents provide insight into the underlying mechanisms. For example, Felt et al. (30) found rats that were ID anemic as pups exhibited impaired performance in both striatal-and hippocampal-centered tasks as adults, even after normalization of iron status. Others showed ID in the prenatal period affected axonal maturation and dendritic complexity in the adult hippocampus (31) . Iron is a cofactor for neurotransmitter synthesis, and early-life ID resulted in altered monoamine metabolism and dopamine receptor (D 2 ) density in rats (32, 33) . Furthermore, rats that experienced early-life ID had less subcortical myelination, despite being fed an iron-sufficient diet after weaning (34) . Altered neuronal structure, myelination, and changes in neurotransmitter tone may contribute to acute (14) and chronic (29) behavioral deficits observed in piglets exposed to ID, but this has not been investigated.
The markedly higher gray matter volume in the olfactory bulb of ID piglets was an unexpected finding, although there is some evidence that metals may interact with olfaction. A study of professional welders determined that occupational metal exposure is associated with olfactory dysfunction (35) . Further, rats fed an ID diet after weaning displayed altered olfactory behavior, including prolonged exploratory time toward attractive odorants compared with controls (36) . Further studies in piglets are warranted given the dramatic effects of ID on the olfactory bulb tissue composition and the importance of olfaction to pig behavior.
The current study in neonatal piglets modeled alterations in brain development caused by early-life ID from birth to 4-6 mo of age in the human infant (12) . Because the piglet is born with low iron and quickly becomes deficient unless supplemented, this models the situation wherein an infant is born with reduced iron stores and becomes deficient in the ensuing months of early childhood, a pressing concern, because the human infant is unable to effectively regulate iron absorption until ;9 mo of age (37) . These results in the piglet suggest brain development, particularly white matter development, is profoundly altered by ID. More research is needed to develop effective therapies for iron repletion and recuperation of developmental losses.
